In a purified system containing poly(U) and ribosomal subunits from Escherichia coli, and purified transfer factors T and G, the active ribosomal complex passes through a cycle of contraction and expansion with the addition of each amino acid; aminoacyl-tRNA binding catalyzed by T produces the stable compact state, corresponding to the 70S conformation, whereas translocation with G expands the ribosome to a less stable 60S form. It is also shown that formation of the first peptide bond must be preceded by translocation with G. These findings are consistent with a model of chain initiation in the absence of initiation factors in which deacylated tRNAPhe bound to the P site signals translocation by G and GTP as soon as the 60S initiation complex has been converted to the 70S form by the enzymatic binding of Phe-tRNA.
The mechanism of messenger transport during protein biosynthesis has remained a major unsolved question ever since the experimental demonstration that the messenger moves in a tape-like fashion through the ribosomes (1). Many speculations have held that the stepwise advancement of the messenger involved some periodic conformational change of the ribosomes, or, more precisely, of the active complex consisting of ribosomal subunits, messenger, and tRNA (2) (3) (4) . The isolation of purified transfer factors offered an opportunity to look for such conformational changes by comparing ribosomes before and after translocation (5) (6) (7) . Such an approach requires a <system in which (a) the synchronization of the ribosomes is nearly perfect and (b) most of the ribosomes are participating in the reaction under examination. We have shown that the formation of an initiation complex with artificial messengers such as poly(U), and with interaction-freet ribosome subunits from either bacterial (8) or mammalian cells (9) , offers such a system; we found that the active complex is assembled according to the following steps: poly(U) + 30S =± [poly(U)-30S] (1) [poly(U)-30S] + HO-tRNAPhe = [30S] (2) [30S] + 50S-.o [60S] [60S] + [Phe-tRNA-T-GTP] I
[70S] + T. + GDP + Pi (4) The first hint of a conformational change related to ribosome function came from the discovery that the initiation complex formed according to Eq. (3) was an expanded 60S particle that was converted to the more compact, familiar 70S form by the enzymatic binding of Phe-tRNA. Here, we examine the structural dynamics of the bacterial ribosome during chain elongation and show that it passes through a cycle of contraction and expansion with the addition of each amino acid. 
MATERIALS AND METHODS

RESULTS
Formation of 60S initiation complex and conversion into
70S particles
We have shown that the formation of a 60S initiation complex from subunits requires both poly(U) and uncharged tRNA (8) . We concluded that the uncharged tRNA was specific for the 5' triplet of the messenger RNA because such specificity would explain why translation of artificial messengers lacking the AUG codon at their 5' end consistently starts with the second triplet and is properly phased (11) . The experiment shown in Fig. 1 confirms that the uncharged tRNA must be specific for the mRNA used; when poly(U) and purified preparations of uncharged tRNA were used, the complex formed with the phenylalanine-but not with the valine-specific species. It is interesting to note that the 30S particles have a strong tendency to form 40S dimers, which seems to parallel their ability to participate in the formation of the 60S initiation complex (12) .
The conclusion that the 60S complex is an intermediate in the formation of the 70S ribosome has been based on (a) the increase of 70S, at the expense of 60S, particles when subunits, poly(U), and uncharged tRNA are incubated with increasing concentrations of Phe-tRNA in the presence of T factor and GTP, (b) the parallel shift of [32P]tRNA-OH from the 60S to the 70S peak during titration with PhetRNA, and (c) the exclusive association of ['H]Phe-tRNA with the 70S complex (8) . More compelling is the evidence that isolated 60S particles can be quantitatively converted into 70S ribosomes by adding Phe-tRNA in the presence of T factor and GTP. Various stages of this conversion are shown in Fig. 2 a-f, starting with a preparation of 60S particles (previously separated from the bulk of subunits in a zonal rotor) and ending with a nearly homogeneous 70S peak (Fig. 2f) . A quantitative evaluation of the absorbance and radioactivity associated with the 70S peak reveals that at all stages of the titration the specific activity remains constant and corresponds to one molecule of Phe-tRNA per ribosome, even in the presence of a large excess of aminoacyl-tRNA. This is strikingly evident from the accumulation of unbound Phe-tRNA radioactivity near the top of the gradients d-f. These results show: (a) the active complex has two tRNA-binding sites, one corresponding to the P site and the other to the decoding (A) site, (b) the 60S initiation complex is formed by inserting into the P site the deacylated tRNA matching the specific messenger, and (c) conversion of the expanded 60S initiation complex to the more compact 70S particle requires enzymatic binding of one molecule of aminoacyl-tRNA per ribosome. Since translation of synthetic messengers is known to start with the amino acid corresponding to the second triplet (11) (13) (14) (15) . Since G factor is required for efficient polymerization, but not for reactions (1-4), we would expect that the 70S complex has been arrested in the pretranslocation state and that G promotes translocation. The requirement for uncharged tRNA in initiation with artificial messengers and its obvious analogy to the process of chain elongation suggested that the 60 --70S change of shape catalyzed by factor T might be reversed by translocation. When newly formed 70S ribosomes were isolated and incubated with G factor in the presence of GTP, a rather dramatic breakdown into subunits, accompanied by the release of Phe-tRNA, was observed (Fig. 3d) . The sedimentation patterns in Fig. 3 show that this breakdown requires both G and GTP; in the presence of either component alone (Fig. 3c) , the 70S particles are as stable as in buffer (Fig. 3a) , or in the presence of T factor and GTP (Fig. 3b) . Evidently, translocation causes an expansion or loosening of the structure of the 70S complex, which leads to dissociation into subunits. Tightening of the structure, by raising the Mg++ concentration in the reaction mixture to 15 mM, prevents the breakdown and leads to the expected conversion of most of the 70S complex into the expanded 60S form (Fig. 4b, b' ). Reincubation with binding factor T and Phe-tRNA restores the compact 70S state, thus starting another cycle of pulsation (Fig. 4c, c') . The binding of additional phenylalanine is evident from the increase in the radioactivity associated with the 70S peak in Fig. 4c ; analysis of the products revealed that the increase in radioactivity is accounted for by the formation of the dipeptide and some higher oligopeptides. We conclude that the binding of the second Phe-tRNA to the 60S posttranslocation complex (complex 2a below) leads to the formation of the dipeptide. Thus, starting with subunits, we have followed the events through two conformational
The experiment illustrated by the gradients in Fig. 4 EFFLUENT VOLUME (ml) EFFLUENT VOLUME (ml) (Fig. 2f) , incubated (0.05 ml) with G factor (5 ug) and GTP (0.05 mM) for 10 min at 30°C (a), were kept at 0°C without (b) or with (c) chlortetracycline (0.04 mM) before T factor (20 ug) and Phe-tRNA (1 A260 unit) were added to both samples.
as judged by the reduction of the 70S peak in Fig. 4a -b , and the subsequent binding reaction produces the dipeptide and relatively few larger oligopeptides. If, on the other hand, a more complete translocation is forced by increasing the GTP concentration to 1 mM (Fig. 4b') , a larger proportion of oligopeptides beyond the dipeptide is formed in the subsequent step. However, the reaction stops at the dipeptide stage if the second 60S complex (2a) is reisolated to remove G before carrying out the enzymatic binding reaction (2a -* b) (Schreier and Noll, to be published). The nearly complete return to the 70S state (Fig. 4b -) c, b' -) c') implies that most of the particles that undergo translocation will also participate in the next reactions of Phe-tRNA binding and peptide-bond formation. Tetracycline, which does not prevent the formation of the 60S initiationcomplex, completely blocks the 60S --70S conversion (Fig. 5) , which confirms its postulated action at the decoding site (16, 17) .
Peptide bond formation
From the gradient data in Fig. 4 , we can determine the number of active particles participating in the first translocation and the number of phenylalanine residues added in the second binding reaction. From an electrophoretic analysis of the phenylalanine products associated with the 70S peak corresponding to Fig. 4c , we obtain the distribution of phenylalanine with respect to chain length and, hence, the number of tRNA molecules bearing mono-or oligophenylalanine residues. Experiments of this type, carried out under different conditions, showed that the number of monophenylalanine residues always corresponded to the inactive 70S ribosomes remaining after translocation, while the number of oligopeptides () Phe2) equaled the number of 60S particles formed during translocation. It follows that binding will immediately result in peptide-bond formation if the P site is filled with a reactive partner. This would be expected if binding occurs directly into the aminoacyl site of the peptidyl transferase on the 50S subunit. As we shall argue in detail in a forthcoming paper, these results are compatible only with a ribosome model that contains two tRNA-binding sites essential for its function.
The experiments described here contribute further evidence for the postulated analogy between chain elongation and primitive chain initiation (18, 19) . Thus, it is obvious that, in any model, the formation of the first peptide bond requires the binding of two aminoacyl-tRNA molecules to adjacent sites of peptidyl-transferase. This could be accomplished either (a) by allowing direct access to both sites and starting with peptidebond formation, or (b) by filling the P site by means of translocation from the A site. An example of the first mechanism is the binding of N-acetyl-Phe-tRNA to the P site, followed by enzymatic binding of Phe-tRNA. In this case, the dipeptide is formed in the absence of translocation factor G (20, 21) . In the second mechanism, exemplified here by the nonenzymatic binding of uncharged tRNA1 to the P site and enzymatic binding of Phe-tRNA to the A site, translocation must precede peptide-bond formation. This situation resembles the condition for translocation during chain elongation, in that the P site is occupied by uncharged tRNA; it differs, however, in that the A site is filled with aminoacyl-tRNA rather than peptidyl-tRNA. Our finding that formation of the dipeptide requires translocase implies that the presence of uncharged tRNA in the P site is the critical signal for interaction of the G factor and GTP with the active complex.
The operation of the two mechanisms of initiation may be explained on the basis of the relative affinities of the substrates for the P and A sites according to the following series, in which the extreme left represents the highest affinity for the P and the lowest for the A site: tRNAOH > N-acyl-aa-tRNA > peptidyl-tRNA > aa-tRNA. This scheme explains why synchronization with N-acetylPhe-tRNA leads to ambiguous results (21, 22) ; it also explains why 70S particles are formed from subunits, poly(A) and oligolysyl-tRNA in the absence, but not in the presence, of tetracycline, and why the complex fails to react with puromycin (23) .
The most striking aspect of the experiments reported here are the changes in ribosome conformation catalyzed by the elongation factors. These Our experiments also explain the well-known observation that initiation with artificial messengers requires a higher Mg++ concentration than chain elongation ("Mg shift"). Contrary to the general view, the Mg++-sensitive step is not the binding of the messenger to the 30S subunit, but rather the first translocation, which leads to extensive breakdown of the active complex at Mg++ concentrations optimal for chain elongation (10 mM). The extreme instability during the first translocation is probably related to the insertion of aminoacyl-tRNA into the P site, for which it has a very low affinity.
This interpretation would be in line with earlier results from reconstruction experiments showing that the stability of the active complex formed from subunits, poly(A), and oligolysyl-tRNA increases rapidly as the chain length grows from one to several amino acids (23) . In unpublished experiments, we have indeed found that ribosomes whose nascent chains had been allowed to grow to about 10 phenylalanine residues did not break apart into subunits when treated with G and GTP at 10 mM Mg++. The higher stability conferred by the nascent chain also appears to reduce greatly the magnitude of the conformational change seen during the first translocation. Applying our findings to AUG-dependent initiation, it appears that the introduction of initiation factors into this process has made the initiation process more versatile and efficient by allowing the recognition of internal start signals and by stabilizing the complex during the early translocation.
The change in S values of the ribosome demonstrated by our experiments confirms the predictions of Spirin's model (2), which envisages binding as a locking and translocation as an unlocking of the ribosome subunits. While this essential feature of oscillation between two nonsymmetrical states is also compatible with Bretscher's otherwise vague model (3), it is not as yet clear whether or not it is compatible with the type of symmetrical model proposed by Woese (4) .
